We tested the hypotheses that relative medullary thickness (RMT) and kidney mass are positively related to habitat aridity in rodents, after controlling for correlations with body mass. Body mass, mass-corrected kidney mass, mass-corrected RMT, mass-corrected maximum urine concentration, and habitat (scored on a semiquantitative scale of 1-4 to indicate increasing aridity) all showed statistically significant phylogenetic signal. Body mass varied significantly among habitats, with the main difference being that aquatic species are larger than those from other habitats. 
mass-corrected maximum urine concentration, and habitat (scored on a semiquantitative scale of 1-4 to indicate increasing aridity) all showed statistically significant phylogenetic signal. Body mass varied significantly among habitats, with the main difference being that aquatic species are larger than those from other habitats. Mass-corrected RMT and urine concentration showed a significant positive correlation ( ; conventional N p 38 , phylogenetically independent contrasts [IC] r p 0.649 r p ), thus validating RMT as a comparative index of urine 0.685 concentrating ability. RMT 
Introduction
Mammalian kidneys have a dominant role in controlling both the volume and concentration of body fluids. The nephron is the functional unit of the kidney and consists of a glomerulus and well-developed loops of Henle. The morphological and vascular organizations of nephrons enable mammals to produce urine that is significantly more concentrated than their own plasma. Some of these nephrons, "long looped nephrons," are characterized by an extended renal medullary papilla Bankir and de Rouffignac 1985) that reflects the great length of the loop of Henle. The maximum length of the loop of Henle is directly proportional to medullary thickness (Beuchat 1990 (Beuchat , 1993 (Beuchat , 1996 . Sperber's (1944) work on mammalian kidneys showed a relationship between length of the renal papilla and the availability of drinking water in the natural habitat. Specifically, mammals from arid and semiarid habitats tended to have exceptionally long loops of Henle, as compared with mammals from mesic habitats. Sperber (1944) also proposed the relative medullary thickness as a structural index for quantifying the relative length of the longest loops of Henle. Relative medullary thickness (RMT) is calculated as , (MT/KS) # 10 where MT (typically in mm) is the total thickness of the medulla and KS is kidney size (in mm), computed as the cube root of the product of the three linear dimensions of the kidney. Sperber (1944) found that mammals living in arid areas had higher values of RMT than those of similar-sized mammals from more mesic habitats.
According to Gottschalk (1987) , Sperber was by no means the first to relate the length of the loop of Henle to urine concentrating ability in mammals. Peter (1909 , cited in Gottschalk 1987 had pointed out such a correlation among various species of mammals. The relationship was further evaluated by W. Kuhn and collaborators throughout the 1950s, who demonstrated that the osmolality of the fluids in the loop of Henle increased as they pass the renal medulla in the direction of the tip of the papilla. These authors were the first to propose the countercurrent multiplier system to explain the process by which the urine becomes more concentrated as it passes along the loop of Henle (cited in Gottschalk 1987) . According to this model, the maximum urine concentrating ability is directly related to the length of the loops of Henle and collecting ducts that traverse the renal medulla and inversely to a nephron's diameter. Schmidt-Nielsen and O'Dell (1961) were the first to demonstrate a quantitative correlation between the relative length of the longest loops of Henle (as reflected by RMT) and the maximum urine concentration in a study that compared nine species of mammals.
Following Schmidt-Nielsen and O'Dell's (1961) seminal study, similar interspecific relationships have been shown in various groups of mammals (e.g., marsupials ; Sylvilagus rabbits [Heisinger and Breitenbach 1969] ; cricetid rodents [Heisinger et al. 1973] ; dasypodids of the Argentine desert, Chaetophratus vellerous and Dasypus novemcintus ]; sciurid rodents [Blake 1977] ; bats [Geluso 1978]) . These studies also demonstrate a general trend for species that inhabit arid and semiarid environments to have high abilities to concentrate urine and also high RMT (see also Schmidt-Nielsen 1964; Lee 1967, 1969; Purohit 1974a; Borut and Shkolnik 1974) .
In addition to RMT, several other morphometric indices have been proposed to estimate renal performance (Heisinger and Breitenbach 1969; Schmid 1972; Brownfield and Wunder 1976) . In all cases, higher indices are typical of small desert mammals. However, RMT is the index most commonly reported in the literature (Beuchat 1996 and references cited therein). Beuchat (1996) compiled a comprehensive set of data from the literature on renal structure and function for 330 species of mammals. Among other goals, she sought to examine the influence of both body mass and habitat on kidney mass and RMT. Considering all mammals, conventional least squares linear regression analysis indicated that kidney mass scaled on body mass with a slope of 0.88, which is significantly less than unity and similar to values previously reported . Interestingly, both RMT and maximum urine concentration scaled negatively with body mass (i.e., larger-bodied species had lower values), with slopes of Ϫ0.11 and Ϫ0.09, respectively. When considering the effect of habitat (with body mass as a covariate), mammals from arid habitats tended to have greater RMT and maximum urine concentration, as compared with those from mesic and freshwater habitats. Absolute medullary thickness gave similar results when tested across habitats. Hence, allometric relationships for RMT and urine concentrating ability have been developed separately for mammals from mesic (Blake 1977; Beuchat 1996) and xeric environments Beuchat 1996) . Beuchat (1996) also reported a positive and highly statistically significant relationship between maximum urine osmolality and RMT across 78 species of mammals (her Fig. 8 ). However, she also reported that both traits show a negative allometric relationship with body mass (her Figs. 4, 5) . Thus, the two traits might be related simply because both are correlated with body mass. This can be tested by correlating residuals from the log-log regressions of each trait on body mass, but Beuchat (1996) did not report such an analysis. She did, however, report analyses for residuals of total, outer, and inner medulla thicknesses, some of which showed significant relationships with urine concentration (her Figs. 6, 7) .
Aside from the issue of correcting for effects of body size, numerous studies over the past 20 years have shown that conventional statistical methods can be misleading when applied to comparative data (see, e.g., reviews in Pagel 1992; Garland et al. 1992 Garland et al. , 1993 Garland and Ives 2000; Rohlf 2001; Rezende and Garland 2003) . The existence of hierarchical phylogenetic relationships implies that data for different species cannot be considered as independent and identically distributed for purposes of statistical analyses. Ignoring phylogenetic relationships often leads to inflated Type I error rates (significant relationships are claimed too frequently) and poor estimates of parameters (e.g., slopes of allometric relationships). Moreover, studies that compare species sampled broadly with respect to phylogenetic relationships run the risk of comparing "apples and oranges" (see, e.g., Huey and Bennett 1990; Garland and Adolph 1994; .
The purpose of this article is to examine both RMT and kidney mass in relation to body size, habitat, and phylogeny within one clade of mammals, the Rodentia. We hypothesized that both RMT and kidney mass, corrected for body size, would correlate positively with habitat aridity and that all traits would show phylogenetic signal, that is, the tendency for related species to resemble each other (Blomberg and Garland 2002) . We considered only rodents for several reasons. First, by focusing on a single lineage of mammals, we hoped to avoid comparing "apples and oranges." Second, the order Rodentia includes more than 2,000 species, which represent about half of the extant mammals (Wilson and Reeder 1993) . Third, extant Rodentia vary widely in body mass, spanning approximately four orders of magnitude. Fourth, they vary widely in life-history strategies and patterns of evolutionary adaptation to different environmental settings (Eisenberg 1981) . Fifth, rodents occupy a variety of habitats, and many species, representing several different evolutionary lineages (clades), inhabit arid environments. This is important because multiple evolutionary origins of a feature (e.g., occupancy of arid habitats) within a lineage increase statistical power to detect relationships with other features (e.g., RMT) in comparative studies Vanhooydonck and Van Damme 1999) . Sixth, more kidney data are available for Rodentia than for any other mammalian order (see Beuchat 1996) . Seventh, rodents exhibit a wide range of both urine concentrating ability and RMT, which will enhance statistical power. Finally, the Rodentia has received intense scrutiny from molecular systematists in recent years, which allows construction of a reasonably well resolved estimate of phylogenetic relationships.
We greatly expand the database as compared with Beuchat (1996) by including information from several studies that were either not included in her paper or have been published subsequently, and by presenting new data for Argentinean and Chilean rodents, emphasizing species that occur in arid habitats. In total, we consider data for kidney mass of 104 species, only 28 of which were in Beuchat's (1996) paper, and RMT of 141 species, of which 55 were in her paper. In addition, as noted above, Beuchat's (1996) demonstration of a positive relationship between maximum urine concentration and RMT is suspect because (1) she did not use regression residuals to remove negative correlations of both traits with body mass and (2) she did not account for phylogenetic relationships among species. Therefore, we reanalyze the same data that she used but correct both of these deficiencies. We also apply new methods to quantify and to test for the statistical significance of phylogenetic signal in all traits (Blomberg et al. 2003) . These methods provide a guide as to whether results of conventional or phylogenetically based statistical methods should be more reliable for a given data set (see also Freckleton et al. 2002) .
Material and Methods

Data Collection
We gathered new data on rodents from Argentina (E.C.-V. and C.Z.: 14 species from several arid localities) and Chile (C.Z.: 37 species from both arid and mesic localities; collecting localities are available from the authors on request). Sample size and sex ratio varied among species (see App. A), but we did not attempt to correct for this in subsequent statistical analyses because this information was often not available for the literature values (see below). For these new data, habitat assignments (see below) were based on the actual collecting localities, not general literature descriptions. Scientific names are according to Wilson and Reeder (1993) and Redford and Eisenberg (1992) . Exceptions were sigmodontine species inhabiting Salta and Catamarca provinces, for which we used nomenclature recommendations of Mares et al. (1989) and Mares et al. (1997) , respectively. Chilean rodents were captured from both mesic and xeric habitats. Species names follow Wilson and Reeder (1993) , but Eligmodontia, Phyllotis, and Abrothrix are named according to Spotorno et al. (1990 Spotorno et al. ( , 1994 Spotorno et al. ( , 2000 and Kelt et al. (1991) . We also included the new species Loxodontomys pikumche (Spotorno et al. 1998) .
For the new data, kidneys from only adult animals and from only one locality were examined. Length and breadth of kidneys were measured with a vernier ‫1.0ע(‬ mm) and sagittal halfsectioned . Total width and the medullary thickness of the kidney were measured in sagittal slices from the cortex-medullar tips to the extreme of the papilla (Heisinger and Breitenbach 1969; Blake 1977 ) under a Wild M3 microscope. Midsagittal cuts were made to maximize the area of visualization of the medulla. RMT was calculated following Sperber (1944): 10(medullary thickness) RMT p .
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Body mass of individuals was obtained from field records, when available; otherwise, a mean value cited in the literature was used Silva and Downing 1995) . For other species (or populations), data for body mass, total mass of both kidneys, RMT, and habitat were taken from the literature. All values cited by Beuchat (1996) were checked, and the original sources are cited in Appendix A, with a few exceptions. When body mass was not reported, an estimate of average adult body mass was obtained from field guides and a variety of other sources. Most common and scientific species names follow Beuchat (1996) or Musser and Carleton (1993) . All of the reported measures are for adults. Habitat was recorded as aquatic (A), mesic (M), semidesert (SD, similar to Beuchat's [1996] listing of "DM" for arid and mesic), or desert (D), which corresponds to a rank-ordering of aridity on a scale of 1-4. (For statistical analyses and figures, species listed as DM were pooled into the SD category.) We tried to obtain habitat information from the same study from which other data were collected but used other sources, including field guides, when necessary. Such categorizations can be criticized because of their crude and potentially misleading nature , but this should primarily reduce statistical power to detect associations, if they exist. As will be shown, our analyses were in fact able to demonstrate associations with habitat. Clearly, an improvement for future studies would be to obtain quantitative environmental measurements from at or near the capture sites of each species (Tieleman et al. 2003; Rezende et al. 2004) .
Phylogenetic Relationships
The final data set included 164 species, subspecies, or populations of rodents, ranging in body mass from 6 g to 53 kg. The overall estimate of phylogeny used in statistical analyses was derived from the literature, as detailed in Appendix B in the online edition of Physiological and Biochemical Zoology. Most of this phylogenetic information is from molecular-based studies, with morphological studies used when such was unavailable. When no phylogenetic information was available for a particular species, it was placed beside congeners as a polytomy, which was assumed to be "hard" (i.e., to reflect simultaneous speciation events) for purposes of phylogenetic statistical analyses Garland and Díaz-Uriarte 1999) . For each analysis, we then pruned the tree to include only those species for which data were available (maximum urine concentration, ; kidney mass,
).
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N p 141 Where it was possible and warranted to keep separate studies of a given species as separate data points (tips on the phylogeny), we did so. For example, both Akodon albiventer and Abrothrix andinus were sampled from both Argentina and Chile (new data from our study) and so were kept separate. For cases in which a given species is represented by only two "populations" in the data set, the phylogeny is obvious (i.e., a bifurcation). For three species, we had data on more than two populations for a given trait (three for Phyllotis xanthopygus, three for Peromyscus leucopus, five for Acomys cahirinus). In all of these cases, the samples came from geographically separate localities and so were retained as separate data points. Within each of these species, the phylogenetic relationships were treated as "hard" polytomies; thus, as in conventional statistical analyses, the separate populations were given equal weight relative to each other in phylogenetic analyses (see "Statistical Analyses").
Because estimates of divergence times were not available for all taxa included in the data sets, we tried three different types of arbitrary branch lengths: all equal in length (constant); Grafen's (1989) , where each node is set to a depth that is one less than the number of tips that descend from it; and Pagel's (1992) , where all branches are initially set to unity and then the lengths of all branches that lead to tips (terminal taxa) are extended to make all tips contemporaneous. The adequacy of branch lengths can be checked in several ways. The most commonly used one is plotting the absolute value of the standardized phylogenetically independent contrasts versus their standard deviations and testing for a significant correlation, which would indicate that the branch lengths are inadequate Garland and Díaz-Uriarte 1999) . Another approach is to compare the variance of the contrasts or, in the generalized least squares mode of operation (see Blomberg et al. 2003) , the mean squared error, with lower values indicating better fit of the tree to the data. Based on these two procedures, we used Pagel's (1992) arbitrary branch lengths for all analyses, including tests for phylogenetic signal. The actual trees used, with branch lengths, are reported in standard bracket format in Appendix B and are available as PDI files (as output by the PDTREE program) from T.G.
Statistical Analyses
All traits (except habitat) were log 10 transformed before analyses. For completeness and to facilitate comparisons with previous studies, we used both conventional and phylogenetically based statistical analyses (reviews in Garland and Ives 2000; Rohlf 2001 ). Whether conventional or phylogenetically based results should be given greater credence depends to a large extent on whether the traits in question exhibit significant phylogenetic signal, that is, a tendency for related species to resemble each other (Blomberg and Garland 2002; see also Freckleton et al. 2002) . To determine whether traits showed significant phylogenetic signal, we used the randomization test (1,000 permutations) implemented in the MatLab program PHYSIG.M of Blomberg et al. (2003;  http://www.biology.ucr.edu/people/ faculty/Garland/PHYSIG.html). We analyzed habitat (scored on the semiquantitative 1-4 scale), log body mass, and the logs of mass-corrected maximum urine concentration, kidney mass, and RMT. To compute mass-corrected values, we first computed the allometric scaling exponent with independent contrasts. We divided the trait (kidney mass or RMT) by body mass raised to this exponent and then took the logarithm (following Blomberg et al. 2003 ; an equivalent procedure is to use the "residuals" described on screen 9D of PDTREE [see below] and optionally saved in a file with extension .RSD). This procedure thus uses the phylogenetically correct estimate of the scaling relationship to adjust for correlations with body mass. We also report K (Blomberg et al. 2003) , a descriptive statistic that indicates the amount of phylogenetic signal in a trait relative to the amount that would be expected for the specified phylogenetic tree (topology and branch lengths) and given a Brownian motion (random walk in continuous time) model of evolution. A K of 1 indicates that a trait has exactly the amount of signal expected, whereas values greater than 1 indicate more and values less than 1 indicate less signal than expected. The K statistic is useful for comparing the amount of signal in traits of different types (for a survey of traits from various published studies, see Blomberg et al. 2003) .
Allometric equations and residuals from them were computed both the conventional way (using SPSS) and with phylogenetically independent contrasts (Felsenstein 1985; Garland et al. 1992; Garland and Adolph 1994) . Assuming that the topology and branch lengths are correct, this algorithm leads to a phylogenetically independent data set consisting of N Ϫ standardized contrasts for N original species (tips on the 1 phylogenetic tree). Correlations and regressions with independent contrasts are computed through the origin (Felsenstein 1985; Garland et al. 1992) , so degrees of freedom are the same as for conventional statistics. Independent contrasts were computed with the PDTREE module of the Phenotypic Diversity Analysis Programs Garland and Ives 2000 ; http://www.biology.ucr.edu/people/faculty/Garland/ PDAP.html). We computed y-intercepts and confidence intervals (CIs) following Garland and Ives (2000) , as implemented in PDTREE for bivariate regressions and as implemented in REGRESSION.M (Blomberg et al. 2003) for multiple regressions.
To determine the relationship between maximum urine concentration and RMT, we used data for 38 species for which both variables were available (34 of these were in Beuchat 1996; the following values were added: Neotoma albigula, 2,670 mmol/kg H 2 O [Brownfield and Wunder 1976] ; Gerbillurus setzeri, 5,370, and Gerbillurus paeba, 4,840 [Downs and Perrin 1991; Frean et al. 1998 ]; Thallamys nigricauda, 7,630 ]). We then computed residuals from least squares linear regressions of each trait on body mass. We regressed (through the origin) standardized contrasts in log 10 urine concentration on contrasts in , then computed residuals, and log (body mass) 10 did the same for . We then computed the correlation log RMT 10 (through the origin) for residual contrasts in urine concentration and RMT.
We analyzed the effect of habitat in two ways. First, we treated habitat as a categorical variable and used ANCOVA to test for the relationship between kidney mass and habitat and between RMT and habitat, with body mass as a covariate. ANCOVA was computed in the conventional way (using SPSS) and via Monte Carlo computer simulations to construct phylogenetically informed null distributions of F statistics ; PDAP modules PDSINGLE, PDSIMUL, PDANOVA). Using biologically realistic ranges for body mass, RMT, and kidney mass (on the log 10 scales), we performed 1,000 simulations under a gradual Brownian motion model (Felsenstein 1985) but with limits to character evolution. Following most previous uses of PDSIMUL (e.g., Garland et al. 1993; Cruz-Neto et al. 2001; Hutcheon et al. 2002) , we used the Replace option to implement limits. For body mass, we used a lower limit of 2 g and an upper limit of 100 kg. The former is slightly lower than the smallest body mass in our data, Arizona pocket mouse (Perognathus amplus), and the latter is roughly twice the mass of the largest extant rodent, the Capybara (Hydrochaeris hydrochaeris). We used a lower limit of 1 and an upper limit of 20 for RMT. The former is the smallest possible value of RMT, and the latter is slightly higher than the greatest RMT value in our data set, 17.6 for the desert pocket mouse (Chaetodipus penicillatus). The lower limit used for kidney mass was 0.05 g, and the upper limit was 100 g. The lower limit is below the smallest kidney mass in our data set (0.08 g for Mus musculus), and the upper limit is above the largest kidney mass (69.75 g for Hydrochaeris hydrochaeris). Starting values for all simulations were the defaults in PDSIMUL, which are the conventional means of the characters. The correlation between the two traits ( and either or log [body mass] log RMT log [kidney ) was set to 0 so that we could test the null hypothesis mass] of no effect of body mass.
Second, we treated habitat as a semiquantitative variable. Here, we performed multiple regressions (either conventional or with phylogenetically independent contrasts) of kidney mass or RMT on both body mass and habitat, and we report the one-tailed P value for habitat because we had the directional hypothesis that animals from more arid habitats would have larger kidneys and/or higher RMT after controlling for effects of body mass. This latter approach should increase statistical power to detect an effect of habitat (see, e.g., discussion in Garland et al. 1993 ) unless the 1-4 scale is very imprecise and/ or far from being a linear approximation of variation in selective regime that is caused by variation in habitat aridity.
Results
Phylogenetic Signal
All traits showed statistically significant phylogenetic signal. For the data set that included body mass, RMT, and maximum urine concentration ( , all log 10 transformed), P values N p 38 were !0.001, 0.002, and 0.008, respectively, with corresponding K values of 0.658, 0.452, and 0.362. Signal was also present for log 10 of mass-corrected RMT ( , ) and max-P p 0.005 K p 0.358 imum urine concentration ( , ). P p 0.024 K p 0.331 For the 141 species in the RMT data set, body mass, RMT, and mass-corrected RMT (all log 10 ) all showed signal at P ! , and K values were 0.678, 0.302, and 0.192, respectively. 0.001 For the 104 species in the kidney mass data set, again all traits showed signal at , with K values of 0.551 for P ! 0.001 , 0.485 for , and 0.200 for log (body mass) log (kidney mass) 10 10
. log (mass-corrected kidney mass) 10 Finally, habitat (scored on the semiquantitative 1-4 scale) showed highly significant signal ( ) for both the 141-P ! 0.001 and 104-species data sets, with K values of 0.344 and 0.279, respectively. The presence of significant phylogenetic signal in all traits offers justification for the use of phylogenetically based statistical methods and suggests that results from those methods should be more reliable than those from conventional analyses.
Body Mass in Relation to Habitat
Considering the 141 species for which RMT data were available, conventional ANOVA indicated a highly significant difference among habitats ( , ) , and this was also F p 16.91 P ! 0.00005 3, 140 significant in comparison with the F values from phylogenetically simulated data (critical , ). As can be F p 6.46 P ! 0.001 seen in Figure 1, ). P p 0.1099 
Correlation between RMT and Maximum Urine Concentration
For the subset of 38 species with data for both traits, both urine concentration (UC) and RMT showed a statistically significant negative scaling with body mass. The conventional allometric equations were (95% confidence intervals are given in parentheses; body mass [M b these independent contrasts allometric equations showed a highly significant positive relationship ( , r p 0.685 P ! ). Thus, both conventional and phylogenetic analyses 0.00005 validate the use of RMT as an indicator of interspecific variation in maximum urine concentrating ability in rodents.
RMT in Relation to Body Mass and Habitat
Considering all 141 data points, the conventional allometric equation was (95% confidence intervals are given in parentheses): 
2 r p 0.172 F p 28.8 P ! 0.00005 1, 139 In the conventional ANCOVA of habitat groups, had log M b a highly significant ( ) negative effect on P ! 0.001 log RMT (pooled within-groups ), which also differed slope p Ϫ0.102 significantly among habitats ( ), with desert rodents P ! 0.001 having the highest RMT values, followed by semidesert rodents, then mesic rodents, and finally aquatic animals ( Fig. 1 ; Table  1 ). Critical F values obtained from the Monte Carlo simulations were, as expected, higher than conventional values, but the effects of both body mass and habitat were still significant ( Table  1) . The interaction between log body mass and habitat was not significant ( ). P p 0.63 The multiple regression approach, which treated habitat as a quantitative variable, also indicates that it was a significant predictor of RMT. The conventional multiple regression yielded 
Kidney Mass in Relation to Body Mass and Habitat
Considering all 104 data points, the conventional allometric equation was (95% confidence intervals are given in parentheses):
log ( In the conventional ANCOVA of habitat groups (Table 2) , had a highly significant ( ) positive effect on log M P ! 0.001 b (pooled within-groups ), but log (kidney mass) slope p Ϫ0.803 habitat had no effect ( ; see Fig. 2 ). Comparison of F P p 0.318 ratios with those obtained from the Monte Carlo simulations leads to similar conclusions ( Discussion This is the first study to employ an explicitly phylogenetic analysis to examine the effects of body size and of habitat on the most commonly used morphological indicator of mammalian kidney performance, relative medullary thickness (RMT), as well as kidney mass. For reasons presented in the "Introduction," analyses were restricted to a single mammalian lineage, the Rodentia. Phylogenetic signal was statistically significant for all traits examined (including habitat), which suggests that results of phylogenetically informed statistical analyses should be more reliable than conventional analyses Blomberg et al. 2003) . Nevertheless, results of conventional and phylogenetic analyses were largely congruent, with one interesting exception (see below). Although body mass showed significant phylogenetic signal, as has been reported previously for rodents and other animal groups Blomberg et al. 2003; Rezende et al. 2004) , rodents categorized as aquatic (nutria, beaver, muskrat, water rat) were significantly larger in body mass as compared with species from all other habitat types. Thus, both ecology and phylogeny affect body size. As body size affects virtually all aspects of an organism, various possible adaptive explanations for the large size of aquatic rodents can be hypothesized. For example, natural selection in aquatic habitats might favor large size because it lowers surface/volume ratios, which in turn confer lower mass-specific rates of heat loss. Another possibility is that aquatic habitats tend to offer higher primary productivity, which leads to selection that favors large body size. Alternatively, an aquatic lifestyle may reduce constraints on body size that relate to locomotor biomechanics.
After correcting for correlations with body mass, RMT was a highly significant predictor of maximum urine concentrating ability, thus bolstering its use as a comparative indicator of mammalian kidney performance. Consistent with previous studies, we found that RMT scaled negatively with body mass and that kidney mass scaled with an exponent significantly less than unity, such that larger-bodied species of rodents generally have lower values for RMT and relatively smaller kidneys. We also found that RMT (corrected for body size) varies significantly among habitats, with species from arid habitats having higher RMT, as would be expected since the pioneering work of Sperber (1944; see "Introduction") .
Kidney mass (corrected for body size) tended to increase with increasing habitat aridity (scored on a semiquantitative scale), which was statistically significant in the phylogenetic analysis (one-tailed ) but not in the conventional P p 0.0346 analysis (one-tailed ). Because the P value for habitat P p 0.3107 differed greatly between conventional and phylogenetic analyses, we checked for outliers and/or influential points in both (e.g., magnitude of standardized residual, leverage). The conventional regression did not yield any noteworthy residuals (e.g., all standardized residuals were !3.0 in magnitude). The largest standardized residual was 2.92 for Parotomys littledalei. The leverage for this data point was not unusually large (0.0141), and the outlier test described in Cook and Weisberg (1999) produced a P value of 0.28. Similarly, the independent contrasts regression yielded no standardized . residuals 1 3.0 The largest value was Ϫ2.96 for node 63 on the tree, which contrasts Peromyscus eremicus (habitat D) with the ancestor of two populations of Peromyscus leucopus (one from South Dakota with SD habitat, the other from Pennsylvania with M habitat). The leverage for this point was only 0.0289, and the outlier test indicated . Still, the large difference in P p 0.24 relative kidney mass between P. eremicus (0.98% of body mass) and the average of the two P. leucopus populations (0.42%) is noteworthy and suggests that this genus, which shows substantial physiological variability (MacMillen and Garland 1989), would be a good candidate for common-garden comparative studies Adolph 1991, 1994; Oswald 1998 ). This example also demonstrates that phylogenetic analyses can sometimes uncover relationships (yield greater statistical power) that are not evident when phylogeny is ignored.
Comparative phylogenetic analyses seek to elucidate how traits have evolved and are predicated on the assumption that observed differences among species are at least mostly genetically based. However, all of the traits considered here (body mass, kidney mass, RMT) can be affected by environmental conditions experienced from birth (or even before) into adulthood (Bankir et al. 1988; Garland and Adolph 1991; Oswald 1998; Al-kahtani 2003 ; references therein), and with very few exceptions the data analyzed herein were from wild-caught individuals that must have experienced sometimes immensely different environmental conditions during their ontogeny. Thus, it is possible that a substantial fraction of the interspecific variation that we analyzed could represent direct environmental effects rather than genetically based differences. For example, Al-kahtani (2003) ] for the water-restricted group). Although many fac-N p 15 tors other than water availability can also affect these traits, and it is possible that laboratory house mice are less plastic than some wild rodents, Al-kahtani's (2003) results suggest that the differences among species analyzed in our study cannot represent entirely environmental differences experienced during ontogeny. For example, body mass varies by 9,000-fold in our sample, relative kidney mass varies by more than twofold even among species of Peromyscus (see previous paragraph), and inspection of Appendix A indicates many cases of substantial variation in RMT among species within a single genus (e.g., 26% among species of Octodon, 33% among species of Eutamius, 68% among species of Meriones, 30% between two species of Cynomys, 82% between two species of Chaetodipus).
Many previous studies have shown that RMT varies inversely with body size in different groups of mammals (Blake 1977; Geluso 1978; Beuchat 1991 Beuchat , 1993 Beuchat , 1996 . For example, Beuchat (1991) examined the relationship between body mass and RMT for a taxonomically diverse sample of 165 species of mammals. She reported that both RMT and urine concentrating ability scaled negatively with body mass as: and , respectively.
Ϫ0.108 Ϫ0.097
Thus, small mammals have higher RMT and produce more concentrated urine as compared with larger-bodied mammals. Our analyses demonstrate that these conclusions hold for rodents and also that RMT is a significant predictor of maximum urine concentration after controlling statistically for effects of both body size and phylogeny. It seems a paradox that larger mammals with their absolutely longer loops of Henle are unable to concentrate their urine to the same degree as most small mammals. This pattern is inconsistent with the assumption of a countercurrent multiplier system, which states that the longer loops facilitate the production of more concentrated urine. Greenwald and colleagues Greenwald 1989; Abrahams et al. 1991) have recognized this discrepancy and offered a "metabolic hypothesis" to explain it. This hypothesis is based on the premise that small mammals have a higher mass-specific metabolic rate than larger ones, and hence their absolutely shorter loops are metabolically more active (per unit tissue) than those of large mammals. They have tested this hypothesis with data from several mammals ranging in body mass from a horse of 400 kg to a bat of 11 g. They concluded that loops of Henle, especially the medullary thick ascending limb (MTAL) of small mammals have (1) more inflodings in the basolateral membrane per unit volume, (2) more mitochondria per unit volume, and (3) more inner mitochondrial membrane per unit volume. These structural modifications are crucial elements in the metabolic rate of ATP production, which drive the active transport of NaCl in this segment and hence maintain a higher cortical-medullary urine concentration gradient.
In our analysis of rodents, body mass-corrected RMT was positively associated with habitat aridity. This result is consistent with the finding of convergent trends in kidney structure, including a thick medulla relative to kidney size, that have been observed in a variety of lineages of small mammals from diverse desert habitats (e.g., rabbits [Heisinger and Breitenbach 1969] , hedgehogs [Yaakobi and Shkolnik 1974] , insectivorous bats [Geluso 1978] , and heteromyid rodents [MacMillen and Hinds 1983] ). However, as noted in the previous paragraph, maximum loop length alone does not determine variation in urine concentrating ability. Other important structural characteristics include the arrangement of vascular bundles (the vasa recta) within the medulla, nephron heterogeneity, the presence of extensions of the renal pelvis into the medulla (specialized pelvic fornices), and the degree of confluence of the collecting ducts in the inner medulla (Dantzler and Braun 1980; Bankir and de Rouffignac 1985; . When data for these traits become available for a greater range of species, it will be of interest to perform analyses similar to what we have done for RMT and kidney mass. It will also be of interest to examine other morphometric indices (e.g., see Brownfield and Wunder 1976) and molecular indicators of kidney function, such as vasopressin binding (Oswald 1998; Al-kahtani 2003) . Phylogenetic information was obtained from the literature. We attempted to consider all available molecular, morphological, and, in a few cases, paleontological information pertaining to the studied species. However, priority was always given to more recent trees constructed from biochemical or molecular data (e.g., DNA sequences). The monophyletic hypothesis of rodents has been supported by many cranioskeletal, dental, and soft anatomical characteristics (Carleton 1984; Luckett and Hartenberger 1985, 1993) as well as biochemical and molecular studies (Sarich 1985; Shoshani 1986; Czelusniak et al. 1990; Cao et al. 1994; Nedbal et al. 1994 Nedbal et al. , 1996 Huchon et al. 1999 Huchon et al. , 2000 . Analyses of a limited number of proteins led to questioning of rodent monophyly (Graur and Li 1991; D'Erchia et al. 1996) , but those studies have been criticized for a lack of adequate sampling (Luckett and Hartenberger 1993) and on methodological grounds (Hasegawa et al. 1992 ). Higher-Level Relationships Nedbal et al. (1994 examined nucleotide sequence variation in the mitochondrial 12s ribosomal RNA (rRNA) gene for 59 species of mammals, including at least one representative for each of the families included in our data set. Their results showed that suborder Hystricognathi is monophyletic in origin and that suborder Sciurognathi is paraphyletic. They also found that the superfamilies Muroidea (Muridae) and Dipodoidea (Dipodiade) are a sister group of the superfamilies Geomyoidea (Heteromyidae + Geomyidae) and Pedetoidea (Pedetidae). Furthermore, they found strong support for the monophyletic origin for each of these families, which is in agreement with the morphological evidence (see, e.g., Luckett and Hartenberger 1985) . We mainly follow Figure 6 of Nedbal et al. (1996) . Nedbal et al. (1994) tested the phylogenetic relationships between the Caviomorpha of South America clade (Octodontoidea, Chinchillidae, Caviidae) and the African phiomorpha (Hystricidae). Their results showed that they are a sister group and that the Castiodea, Ctenodactyloidea, Aplodontoidea, and Sciuroidea are represented in one clade that makes a sister group with Hystricognathi rodents. Furthermore, the Octodontoidae is monophyletic and a sister group with Chinchillidae. The recent study of Huchon et al. (1999) supported the results of Nedbal et al. (1994 Nedbal et al. ( , 1996 . For the phylogenetic positions of families not included in those studies (Abrocomyidae, Octodontidae, Ctenomyidae), we consulted the Tree of Life web page (http://tolweb.org/tree/phylogeny.html). Muridae Most of the studied species belong to this family, which includes both Old and New World muroids. We used information from several primary sources (e.g., Baverstock et al. 1981; Sarich 1985; Christopher et al. 1992; Boursot et al. 1993; Catzeflis et al. 1993; Agulnik and Silver 1996; Planz et al. 1996) , as well as general reference books (e.g., Carleton 1984; Carleton and Musser 1984) . Martin et al. (2000) analyzed the complete sequences of the mitochondrial cytochrome b gene for 18 European murid rodent species and found that Acomys occupy a closer position to Murinae. Furthermore, Chevret et al. (1994) examined the relationships of Acomys to other rodents with DNA/DNA hybridization data and found a closer relationship of Acomys to Gerbillinae than to Murinae. However, the "Acomyinae" has been considered as a separate family (Dubois et al. 1999) . Their results showed that the phylogenetic position of Acomys is still controversial although they share some morphological similarities with the murinae (e.g., Mus). Degen et al. (1998) constructed Sigmodontinae and Neotominae as a sister group to the hamsters (Cricetinae) and the voles (Arvicolinae). reached the same conclusion when they examined the sequences of the nuclear protein-coding gene LCAT for 19 extant species of rodents including at least one representative for each of the four subfamilies. However, Dickerman's (1992) work does not support this result and suggested the possibility of a polytomy of relationship among these four subfamilies. Watts and Baverstock (1995) studied the relationships among 17 genera of Murinae using microcomplement fixation of albumin and found that Otomys are closer to other murinae, which together with Praomys make a sister group with Arvicanthis and Thallomys. This clade of murinae were found to be related to a clade containing the Australian murine and Mus and Rattus. Also, their results showed that Acomys is closer to Murinae than to Gerbillinae. The phylogenetic position of this genus (Acomys) is highly controversial (see above). Our estimate of the phylogenetic position of gerbil species is obtained from Figure 2 of Degen et al. (1998) . Sciuridae A DNA hybridization study (Giboulet et al. 1997 ) on marmots and ground squirrels and behavioral characteristics of prairie dogs (Blumstein and Armitage 1997) were used in combination with morphological data (Roth 1996) to construct the tree for the studied Sciuridae. Recent studies of cranial morphology were used to assess the relationship among Sciurus species (Roth and Dishop 1994; Roth 1996) . A polytomy has been used for the studied species of Eutamius because no molecular or morphological data were available. Heteromyidae and Geomyidae The sister relationship between these two families is well supported by both molecular (Nedbal et al. 1996) and paleontological data. Hafner and Hafner (1983) Pagel's (1992) arbitrary. This tree is in the PDTREE file BEUC_164.PDI. This tree was pruned to create smaller trees corresponding to the species for which kidney mass (N = 104) or RMT (N = 141) data were available, as shown below. This tree is in the PDTREE file BER141L.PDI, which includes log 10 body mass (kg) as the first trait and log 10 Relative Medullary Thickness as the second trait.
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